Introduction of DNA into normal and immunodeficient mice, alone or in complex with VP1 pseudocapsids, has been compared to DNA transfer by viral infection. Similar to natural infection and in contrast to plasmid alone, VP1 pseudocapsids efficiently introduced DNA, which remained for months in normal mice and possibly longer in B-and T-cell-deficient mice.
Introduction of DNA into normal and immunodeficient mice, alone or in complex with VP1 pseudocapsids, has been compared to DNA transfer by viral infection. Similar to natural infection and in contrast to plasmid alone, VP1 pseudocapsids efficiently introduced DNA, which remained for months in normal mice and possibly longer in B-and T-cell-deficient mice.
Several gene transfer systems using adeno-and retroviruses as vectors have the undesirable drawback of retaining viral genes that can potentially interact with host genes (17) . To avoid such complications, in vivo approaches have been made using self-assembled murine polyomavirus major capsid protein, VP1, as a vector (7, 11, 15) . In the work reported here, the tissue distribution and influence of the immune response on gene transfer in vivo by VP1 pseudocapsids was studied in detail, and the data obtained were compared to those observed with natural virions. A polyomavirus specific PCR (4) was used to follow the spread and the longevity of DNA introduced by this route up to 6 months postinoculation (p.i.). Polyomavirus mutant dl1023-with a deletion at position 5278 to 5286, which abolishes viral replication, and cloned into pBR322 (total, 9 kb)-was used as a substrate to compare delivery either as "naked" DNA or by pseudocapsids. Both routes were compared with inoculation by natural virions into normal mice, where infection has been shown to be limited in time (5) , and in B-cell-deficient (MT) (10) and T-cell-deficient (CD4 (14) , where infection persists (2, 3) . To quantify DNA copy numbers in selected tissues, real-time PCR was used with heart and bone of normal, CD4 Ϫ/Ϫ CD8 Ϫ/Ϫ , and MT mice on C57BL/6 background (10, 14) . VP1 pseudocapsids were prepared and purified from Sf9 insect cells (6, 15) . The 9-kb dl1023-pBR322 recombinant plasmid (12) was purified using the maxi kit (QIAGEN GmbH). For intraperitoneal inoculation of each mouse, 5 g of plasmid was mixed with 150 g of sonicated (3 ϫ 30 s) polyomavirus VP1 pseudocapsids in 150 l of phosphate-buffered saline and was incubated at room temperature for 30 min. Mice were inoculated intraperitoneally either with 5 g of dl1023-pBR322 plasmid alone or in complex with 150 g of VP1 pseudocapsids or with approximately 5 ϫ 10 7 PFU of large-plaque A2 strain of polyomavirus (8) . Sera from the inoculated mice were tested for the presence of polyomavirus antibodies by hemagglutination inhibition tests (2) . To monitor the persistence and tissue distribution of the introduced viral information, the mice were sacrificed up to 6 to 8 months p.i., and a polyomavirus PCR was performed as described previously except that 0.06 mM myogenin (PCR internal control) primers were used (4). For real-time quantification (9, 13) polyomavirus VP1 DNA forward primer 4867 to 4889 (5'-CTC CGA ACT CAT TAC ACC CTC C-3'), reverse primer 4967 to 4987 (5'-TTA CGG GAC TCT CGG CAG A-3Ј), and internal fluorogenic oligonucleotide probe 4904 to 4926 (5'-FAM-ATT TCG CCA TCA AGG GCA GCG-TAMRA-3') were used. As internal control, myogenin forward primer 3257 to 3277 (5'-TCC CTT ACG TCC ATC GTG GA-3'), reverse primer 3316 to 3336 (5'-CAG TTG GGC ATG GTT TCG TC-3'), and internal probe 3282 to 3310 (5'-FAM-TCA CGG TGG AGG ATA TGT CTG TTG CCT T-TAMRA-3') were used. Polyomavirus VP1 and myogenin PCRs were performed separately, in triplicate. Each reaction mixture contained 100 ng of template DNA, primers (0.3 M), and a fluorogenic Taqman probe (0.1 M) in TaqMan PCR universal master mix (PE Applied Biosystems) in a final volume of 50 l incubated at 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min in an ABI 7700 sequence detection system.
Pseudocapsid-dl1023-pBR322 complexes were inoculated into 11 adult normal C57BL/6 mice, and mice were analyzed up to 3 months p.i. by a polyomavirus specific PCR. During this period 7 of 11 mice had polyomavirus DNA in several tissues (Table 1) . For comparison, dl1023-pBR322 plasmid was inoculated into nine adult, normal C57BL/6 mice and tested up to 2 months p.i. Polyomavirus DNA could be observed in 2 of 3 mice within 1 week p.i. but in only 1 of 6 mice thereafter. As a positive control, polyomavirus was inoculated into 23 adult, normal C57BL/6 mice. In 10 of 23 mice, monitored for 8 months p.i., polyomavirus DNA could be observed in many tissues. However, the presence of polyomavirus DNA became more limited with time and, by 6 to 8 months p.i., was no longer detected by PCR (Table 1) .
Pseudocapsid-dl1023-pBR322 complexes were also inoculated into six adult CD4 Ϫ/Ϫ CD8 Ϫ/Ϫ mice and nine adult MT mice, and analyses were performed at regular intervals up to 6 months p.i. In all CD4
Ϫ/Ϫ CD8 Ϫ/Ϫ mice and eight of nine MT mice, polyomavirus DNA was detected in most tissues (Table  1) . Plasmid alone was inoculated into six adult CD4
Ϫ/Ϫ and three adult MT mice and was tested at different time points up to 2 months p.i. Polyomavirus DNA was not detected in any of the MT mice but was detectable in several tissues of the three CD4 Ϫ/Ϫ CD8 Ϫ/Ϫ mice 2 weeks p.i., whereas by 1 month only traces of DNA could be detected in one of three CD4
Ϫ/Ϫ CD8 Ϫ/Ϫ mice. As a positive control, polyomavirus was inoculated into 8 adult CD4
Ϫ/Ϫ CD8 Ϫ/Ϫ and 13 MT mice. All mice analyzed up to 2 to 6 months p.i. contained polyomavirus DNA in almost all tissues (Table 1) .
To quantify and compare the levels of DNA in tissues from the different delivery methods, real-time PCR was carried out.
DNA obtained from bone and heart under the following conditions was analyzed: (i) 1 to 6 months p.i. from normal, CD4
Ϫ/Ϫ CD8 Ϫ/Ϫ , and MT mice inoculated with VP1-dl1023-pBR322 complexes; (ii) 1 to 2 months p.i. from the same groups of mice inoculated with dl1023-pBR322 only; and (iii) 1 to 6 months p.i. from mice infected with polyomavirus. Variations in individual mice within the different groups were observed. Comparing median values, normal mice inoculated with pseudocapsid-dl1023-pBR322 complexes carried 10-to 50-fold higher copy numbers than mice inoculated with plasmid alone FIG. 1. Quantitative comparison of polyomavirus DNA levels by real-time PCR in heart and bone of normal C57BL/6, CD4 Ϫ/Ϫ CD8 Ϫ/Ϫ , and MT mice with dl1023-pBR322 plasmid alone 1 to 2 months p.i. or with pseudocapsid-dl1023-pBR322 complexes or the polyomavirus A2 strain up to 6 months p.i., represented as the median of data for each group. (Ten-fold serial dilutions of myogenin DNA from uninfected mice were used as standards by estimating that 500 ng of DNA corresponded to 10 5 cells.) (Fig. 1) . In immunodeficient mice, a 50-to 100-fold difference could be observed between the two delivery systems (Fig. 1) . In general, the number of DNA copies found in normal mice inoculated with pseudocapsid-dl1023-pBR322 complexes was similar to that found in normal mice infected with polyomavirus. However, due to less-inhibited viral replication in immunodeficient mice inoculated with polyomavirus, their viral copy number was considerably higher (100-to 1,000-fold) than that found in normal mice (Fig. 1) . This study monitored and compared the persistence of polyomavirus DNA introduced either as "naked" DNA, by VP1 pseudocapsids, or in virions in normal and immunodeficient mice. DNA introduced by the pseudocapsid route could be observed in almost all (14 of 15) immunodeficient mice and was widely distributed to almost all tissues up to 6 months p.i. (Table 1 ). In normal C57BL/6 mice, DNA was introduced into a more limited number of mice (7 of 11) . Although the total number of polyomavirus DNA-positive tissues and -positive mice was similar in different groups of mice, the median value of polyomavirus DNA copies per cell in heart and bone in normal C57BL/6 mice was somewhat less than that observed in immunodeficient mice (0.05 versus 0.1 to 0.5) (Fig. 1) . From these data, we conclude that the immune system may influence the persistence of viral DNA introduced by pseudocapsids but does not totally eliminate it.
The difference obtained between normal and immunodeficient mice may reflect the fact that dl1023 DNA is competent to express immunoreactive polyomavirus early region proteins (1) , and these may be recognized more efficiently in mice with a normal immune system. The small difference observed between different animal groups when using plasmid alone may reflect its shorter-term survival and the 10 to 100 lesser amounts of viral DNA copies introduced per cell (Fig. 1) .
Our results also suggest that at least some of the difference seen in DNA transfer between normal and T-cell-deficient mice may be due to antibody responses (measured as a hemagglutination inhibition response) against capsids. Interestingly, this response was clearly lower against pseudocapsids (1:1,600) than against virus (1:6,000) despite the fact that 10 3 to 10 5 more pseudocapsid particles than virions were introduced into each mouse (data not shown). Titers (1:80) were obtained in uninfected mice or mice inoculated with plasmid alone (data not shown). MT mice were not tested since these mice do not generate antibody responses (2) .
Overall, our data confirm the results of Soeda et al. (15) , who showed the feasibility of using polyomavirus VP1 pseudocapsids to introduce DNA larger than that actually protected by the carrier system (7, 16) into different types of cells in vivo. Furthermore, we show that pseudocapsids introduce heterologous DNA to a wide range of tissue more efficiently than heterologous DNA alone and that the DNA can persist for months in normal mice and in greater quantity and for a longer time in immunodeficient mice. The fact that polyomavirus VP1 pseudocapsids target tissues far beyond the point of inoculation can be advantageous for some gene therapy applications, such as overcoming an enzymatic defect. Nevertheless, because a wide tissue distribution can also be a disadvantage, and because an antibody response is induced after VP1 inoculation, modifying pseudocapsids to alter targeting specificities and avoid immune recognition would be desirable. Studies to achieve this aim are in progress.
